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CHARACTERIZATION OF DIELECTRIC
SLABS ATTACHED TO THE BODY USING
FOCUSED MILLIMETER WAVES

RELATED APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 62/316,002, filed on Mar. 31, 2016. The
entire teachings of the above application are incorporated
herein by reference.

GOVERNMENT SUPPORT

This 1nvention was made with government support under
grant number 505081 from The Department of Homeland
Security. The government has certain rights 1n the invention.

BACKGROUND

As people enter secure areas, 1t 1s important that they be
scanned to ensure that they are not entering with weapons or
explosives. In addition to airport departure gates, oflice
buildings, stadiums and other such venues must have fast,
accurate, non-intrusive means of detecting threats concealed
under a person’s clothing.

Portal-based screening systems at security check points
may use millimeter wave technology to image objects
concealed beneath clothing on a human body. Specific
characterization of weak dielectric threat objects, however,
1s a challenge for millimeter-wave scanning systems. Cur-
rently deployed focused mm-wave systems do not specifi-
cally address dielectric material. Dielectric slabs appear as
anomalies on the body, but are uncharacterized. The 1nabil-
ity to accurately characterize dielectric materials with mil-
limeter-wave scanning systems may result in an unaccept-
able number of false alarms. A false alarm may lead to
time-consuming investigative procedures such as pat-downs
and other undesirable measures.

SUMMARY OF THE INVENTION

The described embodiments present a system for, and
method of, characterizing a dielectric object that 1s situated
on or 1n close proximity to the skin surface of a human body.

In order to characterize non-metallic, weak dielectric
objects (e.g., explosives) on the surface of a highly conduct-
ing background (e.g., human skin) using a focused, single-
frequency millimeter wave sensor, 1t 1s useful to consider
distortion of the focusing caused by the dielectric objects. In

particular, a slab of penetrable dielectric material will refract
focused rays, shifting the apparent focal point. By associ-
ating this shift for the specific focus at the dielectric/
background interface and by measuring the characteristic
phase shift relative to focusing on the background without
the dielectric, 1t 1s possible to determine—with a single
measurement—both the thickness and the permeability of
the slab.

This approach can be extended to targets in which the
air-dielectric and dielectric-metal interfaces are not parallel.
In particular, a traditional non-linear inverse problem can be
accurately linearized when the following information 1is
taken into consideration: 1) the total field 1nside the dielec-
tric object 1s very close to the incident field (Born approxi-
mation); and 2) the dielectric object 1s backed by a highly
conductive scatter (metal plane or human skin). The use of
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2

multiple non-focused ncident fields may also be used in
order to enhance the accuracy of the extracted dielectric
constant and thickness.

One example distinguishing factor with a focused single
frequency system, as compared to wideband radar, 1s that the
travel time of the Fourier Transform impulse 1s not available,
nor can scattering from different distances be separated in
time. For example, in a focused system, the reflection of
waves Irom the front surface of a dielectric slab cannot be
observed 1n 1solation without the much stronger scattering
from the ground plane a few centimeters behind 1t. However,
focused systems have the advantage of precise phase mea-
surements, a characteristic that 1s usually neglected 1n exist-
Ing sensing systems.

An example embodiment of the present mvention capi-
talizes on this umique configuration by making use of an
apparent focal point in penetrable dielectric matenal,
coupled with the measured phase shift of waves relative to
skin without the dielectric.

Embodiments of the mmvention may characterize pen-
etrable dielectrics on skin by considering the refraction and
refocusing of rays as they enter the dielectric. Embodiments
may provide thickness and dielectric constant of slabs of
clectromagnetically penetrable media.

In one aspect, the invention 1s a system for characterizing
a dielectric object situated adjacent to an electrically con-
ductive surface. The system may comprise a control sub-
system arranged to operate 1n conjunction with a radiation
source. The radiation source may be configured to radiate
clectromagnetic energy toward the dielectric object. The
control system may also be configured to operate 1 con-
junction with a receiver. The receiver may be configured to
receive scattered electromagnetic energy that 1s scattered by
the dielectric object and the electrically conductive surface.

The control subsystem may comprise a processor and a
memory with computer code instructions stored thereon,
with the memory operatively coupled to the processor. The
control system may be configured to determine an apparent
focal point within the dielectric object, determine a phase
shift associated with the scattered electromagnetic energy
with respect to the electromagnetic energy radiated by the
radiation source, and determine a thickness of the object and
an 1mndex of refraction of the object based on the apparent
focal point and the phase shift. The radiation source may be
a continuous-wave millimeter-wave source, or other con-
tinuous-wave source capable of emitting electromagnetic
energy characterized by a frequency or frequencies, an
amplitude, and other parameters descriptive of radiated
clectromagnetic energy.

The control system may cooperate with an antenna sub-
system configured to focus the radiated electromagnetic
energy at, within, or proximate to the dielectric object, and
to recerve the scattered electromagnetic energy scattered by
the dielectric object. The antenna subsystem may comprise
a Fresnel reflector aperture antenna. The antenna subsystem
may include components capable of facilitating the focusing
of the radiated electromagnetic energy.

The control subsystem may be configured to adjust a
calculated focus point of the radiated energy to scan through
different depths of the dielectric object, and to search for a
peak 1n the amplitude of the scattered electromagnetic
energy. The control subsystem may be further configured to
determine a conductive surface location by scanning the
calculated focus point away from the dielectric object (i.e.,
to a point on the conductive skin surface not occluded, and
to determine a distance from the conductive surface location
to the apparent focal point.
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The control subsystem may produce a thickness determi-
nation as object thickness

cADAF
- cAD + 2nfAF

The control subsystem may produce an index of refraction
determination as object index of refraction=

—cAQ
B 2nfAF

The control subsystem may determine that an air-to-
dielectric interface of the dielectric object 1s one of (1)
parallel to the electrically conductive surface adjacent to the
dielectric object and (1) non-parallel to the electrically
conductive surface. When the air-to-dielectric interface of
the dielectric object 1s determined to be non-parallel to the
clectrically conducting surface, the control subsystem may
perform an evaluation of the scattered electromagnetic
energy as an iterative solution of:

Eg(r, w) = f Gp(r, WG Er(r', w)x(r)dr .
eV

In another aspect, the invention 1s a method of character-
1zing a dielectric object situated adjacent to an electrically
conductive surface, comprising determining an apparent
focal point within the dielectric object, determining a phase
shift associated with the scattered electromagnetic energy
with respect to the electromagnetic energy radiated by the
radiation source, and determining a thickness of the object
and an index of refraction of the object based on the apparent
focal point and the phase shift. The method may be per-
formed by a processor and a memory with computer code
instructions stored thereon. The processor and memory may
operate 1n conjunction with a radiation source that radiates
clectromagnetic energy toward the dielectric object, and 1n
conjunction with a receiver that receives scattered electro-
magnetic energy scattered by the dielectric object and the
clectrically conductive surface. The memory may be opera-
tively coupled to the processor such that, when executed by
the processor, the stored computer code instructions cause
the system to implement the steps of the method.

The method may further comprise causing the radiated
clectromagnetic energy to be focused at, within, or proxi-
mate to the dielectric object, and to receive the scattered
clectromagnetic energy scattered by the dielectric object.

The method may turther comprise determining the appar-
ent focal point by adjusting (or causing) a calculated focus
point of the radiated energy to scan through different depths
of the dielectric object, and searches for a peak 1n an
amplitude of the scattered electromagnetic energy.

In another aspect, the mvention 1s non-transitory com-
puter-recadable medium with computer code instruction
stored thereon. The computer code instructions, when
executed by an a processor, cause a dielectric object detec-
tion system to determine an apparent focal point within the
dielectric object, based on electromagnetic energy scattered
by the dielectric object and the electrically conductive
surface, determine a phase shift associated with the scattered
clectromagnetic energy with respect to the electromagnetic
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energy radiated by the radiation source, and determine a
thickness of the object and an index of refraction of the
object based on the apparent focal point and the phase shiit.
The computer code instructions, when executed by an a
processor, may further cause a dielectric object detection
system to adjust a calculated focus point of the radiated
energy to scan through different depths of the dielectric
object, and search for a peak 1n an amplitude of the scattered
clectromagnetic energy.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will be apparent from the following more
particular description of example embodiments of the inven-
tion, as illustrated 1n the accompanying drawings in which
like reference characters refer to the same parts throughout
the different views. The drawings are not necessarily to
scale, emphasis instead being placed upon illustrating
embodiments of the present invention.

FIG. 1 illustrates a geometry of a dielectric slab on a
strongly retlecting skin surface.

FIG. 2 illustrates a collection of rays focused to a point

within the dielectric of FIG. 1.

FIG. 3 shows image information replacing the reflecting,
conductive skin of FIG. 1.

FIG. 4 1llustrates an alternative view of a dielectric slab on
a strongly retlecting skin surface.

FIG. 5 shows various scattering phenomena related to the
arrangement ol FIG. 4.

FIG. 6 1illustrates various path lengths associated with a
signal radiated at a dielectric slab such as shown 1n FIG. 4.

FIG. 7 shows a ray diagram related to the paths illustrated
in FIG. 6.

FIG. 8 shows a graph plotting error with respect to array
position.

FIG. 9A 1llustrates an example embodiment of a scanning,
system employing an embodiment of the invention.

FIG. 9B illustrates an alternative example embodiment of
a scanning system employing an embodiment of the inven-
tion.

FIG. 10 shows a diagram of an example internal structure
ol a processing system that may be used to implement one
or more of the described embodiments.

FIG. 11 illustrates an example embodiment of a method of
characterizing a dielectric object situated adjacent to an
clectrically conductive surface.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

A description of example embodiments of the mvention
follows.

Consider the 1dealized geometry of a dielectric slab 102 of
thickness d on a strongly reflecting skin surface 104, as
shown 1n FIG. 1. A ray 106 incident at angle 0 . refracts in
material with index of refraction n according to Snell’s Law
(n sin O ,_,~=sin O __ ), ending toward the surface normal.

FIG. 2 illustrates that a collection of rays 202 focused to
a point within the dielectric 102 are all bent (except for the
normal ray), and that the true focal point 204 1s deeper than
the apparent focal point 206 (1.e., the focal point that would
occur without the dielectric). The ratio of horizontal position
of the refraction point x, to the vertical distance d of the true
tocal point 204 1s tan 0 ,._,, and the corresponding ratio for
the apparent vertical distance d __1s tan O__ . For rays close

app ary*
to normally incident, O ., and O . are small, and
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| 1

tanfy;; ~ sinby;.; = Esinﬁ?mr A Etané?mr,

which results 1n the simple relation

dq

pp

!
!

d
-

This means that for rays focused at a point at depth d below
the air/dielectric interface, the apparent focusing point 206
of an antenna generating these rays 1s at a depth d_,,. That
1s, 1f 1t 15 desired to focus on the skin surface under a
dielectric slab of thickness d, the antenna system should
instead focus at the point above the skin 104 having a y

component of:

This apparent focusing eflect has been modeled using
axi-symmetric finite-difference frequency-domain (FDFD)
for focused rings of x-directed current elements discretized
into 0.0075 m steps for 24 GHz. The focused source 1is
y_+d=0.40 m from the nominal skin interface, with a maxi-
mum ring radius of 0.40 m. A half space of dielectric with
the mndex of refraction of the explosive TNT (n=1.73)
occupies the space below y=0.03 m (corresponding to a slab
with thickness d=3 cm). Focusing on the apparent focal
point 206 with a y component of y=d (1-1/n)=0.0127 m
produces an electric field high-intensity spot very close to
y=0, the true focal point 204. This model does not include
the skin ground plane, as the retlection would cancel the
z-directed electric field at y=0. The response from the skin
surface for with the focal point y=AF=d(1-1/n)=0.0127 m
would be comparable to the response form the skin surface
in the case with no dielectric, focusing at y=0 (1.e., directly
at the skin surface).

Waves passing through a slab of dielectric experience a
phase shift. The extra phase 1n terms of frequency 1 1s given
by:

2rnf (Al)

AD = L 401 —m),

C

where ¢ 1s the velocity of propagation of the radiated EM
energy. For the example presented above, the phase shitt AD
1s 11.04 radians. This phase shiit A® 1s significant, and
straightforward to measure at a receiver of the scattered
clectromagnetic energy associated with the radiating source.
The values of index of refraction n and slab thickness d are
given by:

- —cAD (A2)
T ING
CADAF (A3)

d =
cAD + 27 fAF

The permeability of the dielectric slab 102 may be deter-
mined from the index of refraction n, as =Ve. Assuming that
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the permittivity of the dielectric 1s approximately u,, the
dielectric permeability e=n*/u,,.

An example scanning system according to the described
embodiments may determine AF by calculating an apparent
focal point 206 based on EM transmitter and antenna
settings, varying those settings to scan the apparent focal
point 206 through the dielectric slab 102, and identifying
apparent focal point depths that result 1n a relative increase
in returned electromagnetic energy. Such an increase may
correspond to scattering due to an actual focal point occur-
ring at the skin boundary 104.

Since a maximum scattering return may be employed to
determine AF, 1t 1s useful to determine the focal distributions
which may yield returns at or approaching a maximum
received signal. Referring to FIG. 3, since a planar conduct-
ing skin surface 104 acts like a perfect conductor, which
generates an equal and opposite 1mage source 302 at a
position of y=—(y_—d), the received signal 1s not maximized
when the source 304 (1.e., the transmitting and receiving
antennas) are focused on the skin surface 104. Instead, the
signal 1s maximized when the source 304 antennas are
focused at the plane of the image source 302. Thus, for skin
with no dielectric, the image should focus at y=-(y_+d),
with a corresponding focal length of 2(y_+d), as indicated in
FIG. 3, and considering the dielectric to be free space.

To maximize the received signal when a layer of dielectric
1s present, it 1s necessary to compute the path length from the
image source through a double thickness of dielectric (slab
plus 1ts 1image), back to the receiving antenna. The differ-
ential path length through the 2d thickness of dielectric with
refractive mdex n 1s:

1
&meag — —2&’(1 — _]3

i

which makes the focal length:

2d
F=2v,+ —.
5

The description below presents a fast, non-iterative model
based on a ray tracing analysis, associate with the embodi-
ments described herein, for characterizing the thickness and
refractive index of a dielectric slab.

The millimeter wave transmit/receive system can be mod-
cled 1n two dimensions by an array of point sources with
adjusted phase along a horizontal line above the ground
plane on which the dielectric sits. It 1s assumed that the array
has the same phase adjustment on transmission and recep-
tion, and that the dielectric 1s 1deal and has unknown
thickness and permittivity.

When a focused wave 1s sent from the transmitter array
toward the dielectric slab, 1t will scatter from two 1nterfaces;
the ground plane interface at the dielectric bottom surtace,
and the dielectric/air interface at the dielectric top surface.
Neglecting additional scattered fields inside the dielectric,
five dominant scattering phenomena emerge from this model
with three material constant interfaces; at the true air/
dielectric interface, the air/dielectric image interface, the
ground plane, and their associated reflections.

FIG. 4 shows a slab 402 of dielectric of thickness don top
of a metal ground plane and a horizontal transmitter/receiver
array located at a distance H above the ground; the trans-
mitter array focuses to different depths into the air and the
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dielectric. Considering the mmage of the dielectric and
antenna array relative to the metal ground plane, there will
be three scattering interfaces. By limiting the scattering at
interfaces to single points along the range axis generated
using a focused one-dimensional array, one can straightior-
wardly predict what the received signal should look like
from a given dielectric thickness and refractive index.

Considering only the first reflection, from the dielectric
top surface or its 1mage, FIG. 5 shows the five scattering
phenomena to be considered. In the first case 502, scattering,
occurs at the top surface 504 of the dielectric 402. The rays
scatter back to the receiving array 306 (Case 1A) and
forward into the dielectric 402 (Case 1B). In Case 1A, the
path travels only through the air 508, with the same path
length on transmission and reception. This received signal 1s
scaled by the scattering cross-section, approximated by the

reflection coeflicient of the dielectric 402, about -0.25.

In Case 1B, using image theory to analyze the ray paths,
the 1mages 510 of the dielectric slab 1image 510 and receiv-
ing array image 512 replace the ground plane. The trans-
mitted rays now begin at the source, scatter at the dielectric/
air interface 504, pass through the double wide dielectric
slab 402 and 510, refract from 1nside at the 1image interface
514 (with intensity multiplied by the transmission coetli-
cient), and finally point to the receiver array image 512.

In the second case 516, the scatterer 1s located at the
image interface 314 of the dielectric; rays refract through the
true dielectric surface 504 to scatter at this point. Again,
contributions to the signal come from both backscatter (Case
2A) and forward scattering (Case 2B) at the image interface
514. In Case 2A, the backscattered rays refract back through
the true dielectric surface 504 and return to the true receiver
array 506; in Case 2B the forward scattered rays travel
through air to the image receiver array 512. Note that the
scattering at the 1mage interface 514 of the dielectric/air
interface has a coeflicient based on the material contrast that
1s equal and opposite to the scattering coeflicient of Case 1A
above.

With a scatterer at the ground plane for the third case 518,
the signal reflects from the ground plane 520 back to the
receiver array with no image involved. The ray paths into
and out of the dielectric are refracted, and the transmission
coellicient must be applied for each refraction.

The coherent addition of all these signals (with appropri-
ate choice of wavenumber k), for Cases 1A, 1B, 2A, 2B, and
3, gives the final signal received by the receiving array 506.

For Cases 1A, 2A, and 3, the backscattered paths are the
same as the incident paths, so one would expect strong
responses for these scattering phenomena. For Cases 1B and
2B, the forward scattered paths are different from the
incident paths, so these cases will be relatively incoherent
and unfocused for the sensing system.

Mathematically, there are several path lengths to compute
tor each contribution to the signal, as depicted in FIG. 6. The

first path 602 1s the distance from a particular transmitter
604, through the air 606, to the surface 608 of the dielectric
slab 610 at (0, d). The first path 602, denoted r,, 1s given by:

1 :vxi2+k2 .

(1)

where x. 1s the horizontal distance from a particular
transmitter to the central axis, h 1s the distance from the
transmitter array to the dielectric slab, and d 1s the thickness

of the slab.

In FIG. 6, the second path 612 (denoted r,) and the second
path 614 (denoted r,) are the retlected paths of rays when the
array 1s configured as 1f to focus at points mnside of the
dielectric 610. The rays refract to hit the ground plane 61
and 1image surface 618 at distances d and 2d below the top
dielectric surface 608.
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Reterring to FIG. 7, the electric path length 702 traveled
inside the dielectric (the dashed path 1n FIG. 7) 1s given by
nR", where R" 704 1s the physical distance traveled inside
the dielectric and n 1s the refractive index of the dielectric.
This electrical distance 1s equivalent to the physical distance
nR" for a ray continuing through air instead, shown by the
ray 706 extending below z=d.

The extended ray 706 ends at a point (x_, z_). For rays
starting from different points x, there are different (x_, z )
points, but all of these points lie on an ellipse given by
equation (2) below:

(2)

=
dvVn? -1

The path length can be found by taking the distance from
(Xz'ﬂ h) to (Xeﬂ Ze):

f‘f\/(xi—xe)2+(k—ze)2 (3)

Moreover, the line between the two points (x, h) and (x_,
7z_) 1s normal to the ellipse, implying:

ntx (4)

g

(Hz — 1 )ZE

Xi =x€+(h_zf)

Substituting X, from equation (4) and x_ from equation (2)
into the path equation and simplifying, gives:

(5)

The values of r, and X, 1n equations (4) and (5) can be
plotted parametrically against each other 1n terms of z_. This
complicated relationship between r and X, can be approxi-
mated very closely by a simpler equation for path 1n terms
of x:

o N x 24z P4S

(6)

where S and z, are constants; -z, 1s the depth below the
air/dielectric interface corresponding to the array focal point
in air which produces the true focus in dielectric at the depth
d, and S 1s the phase ofiset that compensates for the extra
path length to the more distant focal point. Note that in terms
of previously used vanables, z,=AF-d. The approximation
in equation (6) can be made by choosing two points along
the parametric curve of X, and r, (for example, z.=—d n and
z.=—p d n, where p 1s the fitting parameter between 0 and 1),
inserting them into (6), and solving for z, and S. These
values for S and z, can be substituted into equation (6) to
find the approximate path length formula as a function only
ol antenna position X;:

d(—1+ p)2hn + dp(l + p))

(n* — p?)
(—1 + n?)

(7)

S=-1/2

—plh+dn)+ (h + pdn)\/

and

20 = —dn +.S,

(8)
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which are more accurate calculations than those of equations
(Al), (A2) and (A3) presented herein, although either of the
calculations may be used in the described embodiments.

To find r;, the path length to the image dielectric surtace,
the ellipse method can again be used, substituting 2d for d,
as the dielectric and 1ts 1mage form a slab with twice the
thickness.

For example, for array distance h=80 cm, array width
2x.=100 cm, dielectric slab thickness d=3.7 cm, and index of
refraction n=1.73, the fitting parameter can be chosen to be
p=0.92. The parametric equation 1n terms of z_, and the
approximation in terms of S=4.34 and z,=-2.05 match
almost exactly 1n the desired range of x.. The error of the
approximation in this range 1s less than 0.003 cm, as shown
in FIG. 8.

Theretfore, using equation (6), the path lengths r, and r,
can be found simply and accurately in terms of the antenna
array position. It 1s fortuitous that the form of equation (6)
1s similar to the form for rays focused in air from a linear
array. The signal from each component can be calculated
given these path lengths. For the various values of r (r,, 1.,
Or 15), the corresponding focused sum S,, S,, S; 1s given by:

(2)

ftantenna elemenis

i

where k represents the wavenumber and ® represents the
phase for the i” antenna element.

The total signal from each scattering component can be
determined by multiplying the values of S, on transmission
and reception for each scattering case with the appropriate
transmission and scattering coellicients:

., [ +.S5] %5 (10)
Ey [ =75 %S5 53

Erg | = T1 2 (=1) %15 %535 =55

Esy Ty %(=1) %55 =5

k3 | Ty 15 %55 55

where I 1s the scattering coeflicient of the dielectric, and

T1=1+F1 H..I].d. T2:1+(—F)

are the transmission coeflicients. Scattering from air into
dielectric multiplies by a coeflicient of I', and scattering
from 1nside the dielectric to air multiplies by —I'. Refraction
into the dielectric multiplies by a coeflicient of T,, while
refraction out of the dielectric multiplies by T,.

The most speculative scattering assumption being made
with this ray analysis 1s that the scattering from an interface
occurs as 1f all incident rays were focused at a point on the
interface, even when the focal point might be nearby but not
exactly on the mterface. The scattering from a point scatterer
1s straightforward to model with rays, and with a focused
illumination with all rays converging on a single point on an
interface, this 1s an effective approximation.

Once the focal point leaves the surface, though, the
illuminated region of the surface is no longer a small point,
and the scattering from the surface 1s no longer that of a
point scatterer. However, if the focal point 1s not too far from
the surface, the rays will still converge, approaching each
other with small separation, and their respective phases will
be almost the same. The scattering from a single point on the
interface will still reasonably represent the scattering from
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the partially focused spot. The intensity variation of the
scattering with distance from the interface will be close to
true values past the half-power point, although the side-lobe
locations and levels will be 1naccurately predicted. For the
purposes ol 1dentifying locations and pulse widths of the
reconstructed signals, this approximation 1s acceptable.
Extension to Non-Parallel Interfaces

The measured scattered field produced by the geometry
described herein 1s given by:

E(r, w) = f Gy, (r, M)kEE}"(FI, ) () dr’ (1)
=Y

Where E (r,w) represents the scattered field measured by
a recerving antenna located at the position r and operating at
frequency w; G, indicates the background Green’s func-
tions; k,” is the square of the wave number; E . is the total
ficld at the slab region r'&V; and % (r') 1s a contrast variable

defined as

e, w)—g(r, w)
x(r') =

Ep(¥, W)

The term e(r',w) represents the dielectric constant at point r;
and the term ¢,(r',m) represents the background dielectric
constant.

For our particular problem, the unknown total field 1s
approximated by the known background field E ~E, (Bom
approximation valid for weak dielectrics), G, 1s known since
it accepts an analytical expression for a highly conductive
scatter (metal or human skin) in free space, k,* is also known
for the latter geometry. Theretore the only two unknowns are
the support r'EV for the dielectric slab and the true dielectric
constant for the dielectric slab &(r',m). This problem may be
solved 1n an 1terative fashion as follows:

Operation 1—First, initialize £“(r',m)=~¢_ (r',m), where
e (r'\m) 1s a first guess of the dielectric constant (e.g., TNT
1s approximately equal to 3). Second, linearize equation (11)
as B =A{e“(r,0) v, where A{e®(r'f)} is a matrix that
results when the integral operator in (11) 1s discretized for a
known dielectric constant (¢(r',)), and v? is just the
unknown vector that should provide a “1” 1f a pixel belongs
to the support of the dielectric scatter and “0” if not. Third,
invert the matrix and compute v\’

Operation 2—First, given the known support v(?, dis-
cretize (Eq-1) as E=B{v?}e"(1",w), where B{v{®} is the
matrix that results when the integral operator in (Eg-1) 1s
discretized for a known support v\, and e"(r',w) is the
unknown true dielectric constant. Third, invert the matrix to
compute £ (', ).

Operation 3—Iterate operations (1) and (2) using, for the
i’ iteration, the following equations:

V=4O o) E,

e VG )= HVOLE

This method can be solved for one-dimensional, two-
dimensional and three-dimensional geometries. Information
about dielectric constant and thickness slab derived from the
ray-based method described herein can be implemented as
an 1nitial operation for this 1terative method 1n order to speed
up the convergence and to reduce the potential 1ll-posedness
of the mverse problem.
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FIG. 9A illustrates an example embodiment of a scanning,
system 900 according to the described embodiments. The
scanning system 900 may be used, for example, as part of a
security portal at an airport security checkpoint, although the
scanning system 900 may be used 1n other scenarios requir-
ing object detection or characterization. The scanning sys-
tem 900 comprises a transmit/receive subsystem 902, and a
control/processing subsystem 904. The transmit/recerve sub-
system may include an electromagnetic (EM) radiation
source 906, a receiving subsystem 908, and an antenna
assembly 912.

In the example embodiment, the EM radiation source 906
comprises a continuous wave (CW) transmitter producing
EM radiation at 24.16 GHz, although EM energy at higher
(e.g., into the millimeter wave, Extra High Frequency (EHF)
band) or lower frequency may alternatively be used for the
described embodiments. The antenna assembly 912 1n the
cxample embodiment 1s a Fresnel reflector aperture,
although other antennas and antenna systems capable of
focusing CW radiation may alternatively be used.

The example embodiment uses a single antenna assembly
912 for transmitting the CW EM radiation 914 and for
receiving the scattered EM fields 916. In other embodi-
ments, the scanning system may utilize separate receive and
transmit antennas.

In transmit mode the EM radiation source 906 directs CW
EM energy 909 to the antenna 912. The transmitted EM
radiation 914 interacts with the potential threat object 918,
and the skin of the person 920 against which the object 918
1s disposed, to produce the scattered EM fields 916. In
receive mode, the receiver 908 receives returned EM energy
910 gathered by the antenna 912 from the scattered EM
fields 916.

In operation, the control/processing subsystem 904 con-
trols the transmit/receive subsystem 902 to direct the focal
point of the transmitted EM radiation 914 to various depths
of the potential threat object 918. The receiver 908 provides
derived information 922 from the returned EM energy 910
to the control/processing subsystem 904. The derived infor-
mation 922 may simply be a frequency-shifted version of the
returned EM energy, or the receiver 908 may perform
additional processing necessary to render the underlying
information suitable for use by the control/processing sub-
system. For example, the receiver may determine the phase
of the returned EM energy 910, relative to the phase of the
transmitted energy, and provide the determined phase 1nfor-
mation to the control/processing subsystem 904.

The control/processing subsystem 904 monitors the
derived information 922, which 1s based on the returned EM
energy 910, to identily relative increases in returned EM
energy magnitude. Such magnitude peaks may correspond
to the focal point being at or near the dielectric/skin inter-
face, or at the receiver image, as described herein. Using this
returned scattering information, the control/processing sub-
system may determine the thickness and permeability of the
potential threat object 918, based on the focal point location
and the phase shiit of the returned EM energy 910 relative
to the transmitted energy, as described herein. The control/
processing subsystem 904 may further compare the deter-
mined permeability information to a permeability database
of known substances to characterize the potential threat
object.

FIG. 9B illustrates an alternative embodiment that sepa-
rates the transmit/receive subsystem 902 and the control/
processing subsystem 904 to different physical locations, so
that part of the communications link 924 includes a con-
nection through a network 928. In this embodiment, the
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control/processing subsystem 904 may operate as a software
as a service (SAAS) component. A portion of the control/
processing functionality may reside in the transmit/receive
subsystem 902, on the transmit/receive subsystem side of
the network 928.

Further, the control/processing subsystem may operate to
provide processing and control services to more than one
transmit/receive subsystems (1.e., 902, 9024 and 9025). Such
a network-based system may further facilitate the use of an
alternative control processing subsystem 930, which may
provide certain control/processing services, or may simply
receive processing results from one or both of the control/
processing subsystem 904 and the transmit/receive system.

FIG. 10 1s a diagram of an example internal structure of
a processing system 1000 that may be used to implement one
or more of the embodiments herein. For example, the
control/processing subsystem 904 described with respect to
FIG. 9 may comprise a processing system 1000.

Each processing system 1000 contains a system bus 1002,
where a bus 1s a set of hardware lines used for data transier
among the components of a computer or processing system.
The system bus 1002 1s essentially a shared conduit that
connects different components of a processing system (e.g.,
processor, disk storage, memory, input/output ports, network
ports, etc.) that enables the transfer of information between
the components.

Attached to the system bus 1002 1s a user I/O device
interface 1004 for connecting various input and output
devices (e.g., keyboard, mouse, displays, printers, speakers,
ctc.) to the processing system 1000. A network interface
1006 allows the computer to connect to various other
devices attached to a network 1008. Memory 1010 provides
volatile and non-volatile storage for information such as
computer software instructions used to implement one or
more of the embodiments of the present invention described
herein, for data generated internally and for data receirved
from sources external to the processing system 1000.

A central processor unit 1012 is also attached to the
system bus 1002 and provides for the execution of computer
instructions stored in memory 1010. The system may also
include support electronics/logic 1014, and a communica-
tions interface 1016. The communications interface may
comprise the communications link 924 between the receiver
908 and the control/processing subsystem 904.

In one embodiment, the information stored 1n memory
1010 may comprise a computer program product, such that
the memory 1010 may comprise a non-transitory computer-
readable medium (e.g., a removable storage medium such as
one or more DVD-ROMs, CD-ROM’s, diskettes, tapes, etc.)
that provides at least a portion of the software instructions
for the invention system. The computer program product can
be installed by any suitable software 1nstallation procedure,
as 1s well known 1n the art. In another embodiment, at least
a portion of the software instructions may also be down-
loaded over a cable communication and/or wireless connec-
tion.

FIG. 11 1llustrates an example embodiment of a method of
characterizing a dielectric object situated adjacent to an
clectrically conductive surface. The method includes radi-
ating 1102 electromagnetic energy toward the dielectric
object, and receiving 1104 scattered electromagnetic energy
scattered by the dielectric object and the electrically con-
ductive surface. The method further includes determining
1106 an apparent focal point within the dielectric object,
determining 1108 a phase shiit associated with the scattered
clectromagnetic energy with respect to the electromagnetic
energy radiated by the radiation source, and determining
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1110 a thickness of the object and an index of refraction of
the object based on the apparent focal point and the phase
shiit.

Note that the radiate 1102 and receive 1104 steps are
grouped 1112 1n FIG. 11, which 1s meant to indicate that the
remaining determining steps 1106, 118 and 1110 of the
described embodiments may be performed 1n conjunction
with the radiate 1102 and receive 1104 steps.

It will be apparent that one or more embodiments
described herein may be mmplemented 1n many different
forms of software and hardware. Software code and/or
specialized hardware used to mmplement embodiments
described herein 1s not limiting of the embodiments of the
invention described herein. Thus, the operation and behavior
of embodiments are described without reference to specific
soltware code and/or specialized hardware—it being under-
stood that one would be able to design software and/or
hardware to implement the embodiments based on the
description herein.

Further, certain embodiments of the example embodi-
ments described herein may be implemented as logic that
performs one or more functions. This logic may be hard-
ware-based, software-based, or a combination of hardware-
based and software-based. Some or all of the logic may be
stored on one or more tangible, non-transitory, computer-
readable storage media and may include computer-execut-
able instructions that may be executed by a controller or
processor. The computer-executable instructions may
include instructions that implement one or more embodi-
ments of the mvention. The tangible, non-transitory, com-
puter-readable storage media may be volatile or non-volatile
and may include, for example, flash memories, dynamic
memories, removable disks, and non-removable disks.

While this mvention has been particularly shown and
described with references to example embodiments thereof,
it will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the scope of the invention encompassed by
the appended claims.

What 1s claimed 1s:

1. A system for characterizing a dielectric object situated
adjacent to an electrically conductive surface, comprising;:

a control subsystem arranged to operate in conjunction

with (1) a radiation source configured to radiate elec-
tromagnetic energy toward the dielectric object and (1)
a recerver configured to receive scattered electromag-
netic energy that 1s scattered by the dielectric object and
the electrically conductive surface, the control subsys-
tem comprising a processor and a memory with com-
puter code 1nstructions stored thereon, the memory
operatively coupled to the processor, the control sub-
system configured to:

(1) determine an apparent focal point within the dielec-
tric object, the apparent focal point being a focal
point that would occur 1n the absence of the dielec-
tric object;

(1) determine a phase shift associated with the scattered
clectromagnetic energy with respect to the electro-
magnetic energy radiated by the radiation source;
and

(111) determine a thickness of the object and an index of
refraction of the object based on the apparent focal
point and the phase shift.

2. The system of claim 1, wherein the radiation source 1s
a continuous-wave millimeter-wave source.

3. The system of claim 1, wherein the control subsystem
cooperates with an antenna subsystem configured to focus
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the radiated electromagnetic energy at, within, or proximate
to the dielectric object, and to receive the scattered electro-
magnetic energy scattered by the dielectric object.

4. The system of claim 3, wherein the antenna subsystem
comprises a Fresnel reflector aperture antenna.

5. The system of claim 1, wherein to determine the
apparent focal point within the dielectric object, the control
subsystem 1s configured to adjust a calculated focus point of
the radiated energy to scan through different depths of the
dielectric object, and to search for a peak 1n an amplitude of
the scattered electromagnetic energy.

6. The system of claim 5, wherein the control subsystem
1s further configured to determine a conductive surface
location by scanning the calculated focus point away from
the dielectric object, and to determine a distance from the
conductive surface location to the apparent focal point.

7. The system of claim 1, wherein to determine the
thickness of the object, the control subsystem produces a
thickness determination as object thickness

~ CADAF
 cAD+ 2nfAF

where c 1s a velocity of propagation of the radiated electro-
magnetic energy, 1 1s a frequency of the radiated electro-
magnetic energy, A® 1s the phase shift associated with the
scattered electromagnetic energy with respect to the elec-
tromagnetic energy radiated by the radiation source, and AF
1s a distance between the apparent focal point within the
dielectric object and a true focal point.

8. The system of claim 1, wherein to determine the mndex
of refraction of the object, the control subsystem produces
an mdex of refraction determination as object index of
refraction

B —cAD
C 2nfAF’

where ¢ 1s a velocity of propagation of the radiated electro-
magnetic energy, 1 1s a frequency of the radiated electro-
magnetic energy, AD 1s the phase shift associated with the
scattered electromagnetic energy with respect to the elec-
tromagnetic energy radiated by the radiation source, and AF
1s a distance between the apparent focal point within the
dielectric object and a true focal point.

9. The system of claim 1, wherein the control subsystem
determines that an air-to-dielectric interface of the dielectric
object 1s one of (1) parallel to the electrically conductive
surface adjacent to the dielectric object and (11) non-parallel
to the electrically conductive surface.

10. The system of claim 9, wherein, when the air-to-
dielectric interface of the dielectric object 1s determined to
be non-parallel to the electrically conducting surface, the
control subsystem performs an evaluation of the scattered
clectromagnetic energy as an iterative solution of:

Ey(r, ) = f Gy (ry KEET(Y , w)y(r')dr'.
Y eV

where E (r,w) represents a scattered field measured by a
receiving antenna located at position r and operating at
frequency mw, G,(r,m) mndicates background Green’s func-
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tions, k, 1s a wave number; E - 1s a total field at a slab region
r'ce (integration range V), and y(r') 1s a contrast variable

defined as:

elr', w)—gp(r', w)

x(r') = e ) ,.

where €(r',m) represents a dielectric constant at position r,
and €,(r',m) represents a background dielectric constant.

11. A method of characterizing a dielectric object situated
adjacent to an electrically conductive surface, comprising:

by a processor and a memory with computer code instruc-

tions stored thereon, the processor and memory oper-
ating 1n conjunction with a radiation source that radi-
ates electromagnetic energy toward the dielectric object
and a recerver that receives scattered electromagnetic
energy scattered by the dielectric object and the elec-
trically conductive surface, the memory operatively
coupled to the processor such that, when executed by

the processor, the computer code 1nstructions cause a

dielectric object detection system to implement:

(1) determining an apparent focal point within the
dielectric object, the apparent focal point being a
focal point that would occur 1n the absence of the
dielectric object;

(1) determining a phase shift associated with the scat-
tered electromagnetic energy with respect to the
clectromagnetic energy radiated by the radiation
source; and

(111) determining a thickness of the object and an 1ndex
of refraction of the object based on the apparent focal
pomt and the phase shift.

12. The method of claim 11, further comprising focusing
the radiated electromagnetic energy at, within, or proximate
to the dielectric object, and to receive the scattered electro-
magnetic energy scattered by the dielectric object.

13. The method of claim 11, further comprising deter-
mimng the apparent focal point by adjusting a calculated
focus point of the radiated energy to scan through different
depths of the dielectric object, and searches for a peak 1n an
amplitude of the scattered electromagnetic energy.

14. The method of claim 13, further comprising deter-
mimng a conductive surface location by scanning the cal-
culated focus point away from the dielectric object, and
determines a distance from the conductive surface location
to the apparent focal point.

15. The method of claim 11, further comprising deter-
mimng the thickness of the object as object thickness

B cCAPAF
 cAD + 27 fAF’

where ¢ 1s a velocity of propagation of the radiated electro-
magnetic energy, 1 1s a frequency of the radiated electro-
magnetic energy, A® 1s the phase shift associated with the
scattered electromagnetic energy with respect to the elec-
tromagnetic energy radiated by the radiation source, and AF
1s a distance between the apparent focal point within the
dielectric object and a true focal point.

16. The method of claim 11, further comprising deter-
mimng the index of refraction of the object as object index
ol refraction
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B —cAD
- 2nfAF’

where c 1s a velocity of propagation of the radiated electro-
magnetic energy, 1 1s a frequency of the radiated electro-
magnetic energy, AD 1s the phase shift associated with the
scattered electromagnetic energy with respect to the elec-
tromagnetic energy radiated by the radiation source, and AF
1s a distance between the apparent focal point within the
dielectric object and a true focal point.

17. The method of claim 11, further comprising deter-
mining that an air-to-dielectric interface of the dielectric
object 1s one of (1) parallel to the electrically conductive
surface adjacent to the dielectric object and (11) non-parallel
to the electrically conductive surface.

18. The method of claim 17, further comprising, when the
air-to-dielectric interface of the dielectric object 1s deter-
mined to be non-parallel to the electrically conducting
surface, performing an evaluation of the scattered electro-
magnetic energy as an 1terative solution of:

Ey(r, ) = f Gy (r. ICEr(Y . w)x(r)dr',
Y eV

where E_(r,m) represents a scattered field measured by a
receiving antenna located at position r and operating at
frequency w, G,(r,w) mndicates background Green’s func-
tions, k, 1s a wave number; E - 1s a total field at a slab region
r'E (integration range V), and y(r') 1s a contrast variable

defined as:

e(r', w)—gp (¥, w)

x(r') = o ) ,.

where e(r',m) represents a dielectric constant at position r,
and €,(r',m) represents a background dielectric constant.
19. A non-transitory computer-readable medium with
computer code instruction stored thereon, the computer code
instructions, when executed by a processor, cause a dielec-
tric object detection system to:
determine an apparent focal point within the dielectric
object, based on electromagnetic energy scattered by
the dielectric object and the electrically conductive
surface, the apparent focal point being a focal point that
would occur 1n the absence of the dielectric object;

determine a phase shift associated with the scattered
clectromagnetic energy with respect to the electromag-
netic energy radiated by a radiation source emitting the
clectromagnetic energy; and

determine a thickness of the object and an index of

refraction of the object based on the apparent focal
point and the phase shiit.

20. The non-transitory computer-readable medium of
claam 19, wherein the computer code instructions, when
executed by the processor, turther cause the dielectric object
detection system to adjust a calculated focus point of the
radiated energy to scan through different depths of the
dielectric object, and searches for a peak 1n an amplitude of
the scattered electromagnetic energy.

G ex x = e
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